Technological innovations in recent years have enabled the downsizing of high-altitude balloon systems to be realized. The purpose of this study was, therefore, to utilize these technologies to develop a small high-altitude balloon operating system. Using this novel system, it will be possible to design an inexpensive experimental plan with a flexible schedule. This operating system is expected to be used for general observational purposes, such as the measurement of acoustic waves, sampling of air-particulate matter, and optical observations at high altitude. In this report, we introduce a novel mobile operational system for a small high-altitude balloon and experimental data obtained via a collaborative flight experiment.
Introduction
In Japan, large-scale high-altitude balloon experiments for scientific observation have mainly been carried out by the Japan Aerospace eXploration Agency (JAXA). Here, we define 'high-altitude' to be an altitude of approximately 30 to 40 km. Such balloons can be operated at a lower cost than sounding rocket experiments and have the capability to reach an altitude of 50 km without exposing on-board equipment to severe vibration or shock. In addition, the balloons do not seriously disturb the field of measurement because they are able to launch their payloads slowly upward with a velocity of approximately 5 m/s and do not use a chemical reaction to provide lift-off. Although balloon experiments are less expensive than sounding rockets, their experimental costs remain expensive for a small organization such as a single laboratory within a university. Researchers usually require the launch cost per experiment to be as small as possible and may also need to execute several periods of observation on multiple occasions. Despite these requirements, the use of large-scale balloons remains necessary in the case of large experimental devices and systems. However, small balloon systems that use weather balloons are considered to be the best solution when compact and lightweight devices are available. Once such small balloon systems are developed, it will be possible to dramatically reduce the cost of scientific observation as well as engineering experiments.
Feasibility of a Small Balloon Operating System
When conducting a balloon experiment, researchers must determine the most suitable size of the balloon, taking into consideration the experimental plan and scale. For example, the 3000-g class of weather balloon can lift 5-kg payloads up to an altitude of about 34 km with an ascent rate of approximately 5.6 m/s 1) . This is an extremely tiny payload compared with those carried aboard the large-scale balloons used by JAXA, although the highest altitude they can both reach is approximately equivalent. Additionally, recent technological innovations have allowed the development of a small balloon system to become a reality.
Conventional sensors such as an aneroid barometer, a gyroscopic sensor, and an accelerometer can be replaced by tiny semiconductor devices using micro-electromechanical system (MEMS) technology. In addition, it is now possible to dramatically improve the complex structure-molding and accurate processing of the housing and mechanics of the balloon-mounting devices by the use of commercial threedimensional (3D) printers and laser cutters 2) . Additionally, it is possible to design a sophisticated product using computeraided design (CAD) software and to precisely output it. The release and recovery of small high-altitude balloons by amateurs, so-called "space-balloons", has been popularized in Europe and the United States by the incorporation of these technological innovations 3) . Small balloons such as these are easily used, although they largely rely on the geographical superiority of the countries involved. At present, the operation of small balloons is uncommon in Japan, due to the difficulties involved in predicting the precise landing area. Bearing this in mind, the release and operation of small balloons remains high-risk in the narrow and crowded island of Japan. To date, practical technological developments to reduce these risks have not progressed. Therefore, the purpose of this study was to develop a novel operational system for small balloons that can be suited for the narrow and complex terrain conditions such as Japan without using any other existing radiosonde systems. To put it concretely, we developed a completed balloon operational system which consists of a compact and lightweight telemeter using commercially used MEMS sensors and a compact ground station system that can easily be equipped with the mobile station such as a standard-sized car. The ground station system that can easily be carried is the most important factor when operating the balloon on the narrow and complex terrain.
Development of a Small Balloon Operational System
Because a small high-altitude balloon system, such as a "radiosonde", is based on a disposal design, it is necessary to drastically alter the internal systems or body structure when used for general purpose applications. Additionally, the ground stations for radiosonde systems are able to track the balloon in flight, but hard to detect the precise landing point at a low elevation angle of the radiosonde as well as difficult to load these large ground station equipment into the standard-sized car.
To break the deadlock in the current conditions, our laboratory has been in the process of developing a small balloon operating system since 2012. The purpose of this study was to launch compact and lightweight payloads up to an altitude of approximately 30 to 40 km at low cost and to achieve a high probability of recovery of the payload during real high-altitude balloon flights. During the initial stages, we accumulated experience with balloon on-board equipment through the use of captive balloon experiments 4) . In August 2014, we developed a new balloon operating system that could be used at altitudes as high as the stratosphere 5) . Our system consists of a balloon-mounted telemeter (Figs. 1 and 2) and a compact mobile ground station system (Figs. 3 and 4). The graphical user interface (GUI) tracking software that enables the ground stations (located in cars, for example) to be moved was designed to visually display the payload status (global positioning system information, balloon attitude, balloon heading, azimuth and elevation angles, and temperature of the instruments and outside atmosphere) of the balloon on a laptop personal computer (PC) (Fig. 3 ). This software can also display the position of the balloon in real-time and works with Google Earth (Fig.  4) .
The ground station module (Fig. 5a ) is an assisting device designed to move the ground station so that the balloon can be recovered and is able to calculate the relative azimuth and elevation angles between the balloon and the moving ground station using information from on-board sensors. The mass of the balloon-mounted telemeter is 480 g. To protect the internal device from the extremely low temperatures at the tropopause, the housing was constructed from Styrofoam.
An audio packet modem was also developed to allow long-range communication. This modem connects the balloon and the ground station at a transmission rate of 1200 bits per second using an AX.25 packet protocol, which is a typical amateur radio packet protocol ( 
Collaborative Experiment and its Results
To verify the developed system, a collaborative launch experiment was carried out on August 30, 2014 over the Kanto Plain in Japan (Fig. 6 ).
The collaborative experiment team (comprising the University of Yamanashi, Iwate Prefectural University, Mathematical Assist Design Laboratory, and kikyu.org) has conducted several balloon experiments to date and has accumulated considerable operational experience and recorded a high recovery rate. However, because our team did not have any experience with balloon operations at that time, we conducted a collaborative experiment under the supervision of the combined teams. The collaborative experiment team has since developed a practical, stable system for small high-altitude balloons. The advantage of this system is that it operates an efficient observational network through the integration of a long-range communication module with the Direct Sequence of Spread Spectrum (DS-SS) and networked ground station system 7) . The advantage of our developed system lies in providing real-time telemetry and original tracking software that intuitively provides information to the balloon operator. As a reference, our developed telemeter can transmit 1200 bits per second, and the speed of our telemeter is approximately 100 times faster than the telemeter developed by the collaborative experiment team. Figure 7 shows the design of the small high-altitude balloon and payload. Our telemeter was attached to the bottom of the balloon. Two mobile stations A and B were arranged for tracking the balloon, while two fixed radio stations were set up in Tokyo and Nagano to collect the characteristics of the longrange radio communications rather than to track the balloon. These ground station components can be inexpensively constructed, because they use a commercially available product. As a result of the radio communications, the two mobile stations had good communication conditions during the entire flight. The fixed station at Tokyo, however, was not able to receive the modulated signal due to radio interference, while the fixed station at Nagano could only receive two packets at 11:52, just as the balloon reached an altitude that ranged between 33541.6 and 33577.3 m (Fig.  6) . A receiver for the DS-SS module was installed on the mobile station of University of Yamanashi. The landing point could be successfully determined by using the telemetry dataset from the DS-SS module at the mobile station.
The timeline of the experiment is given in Table 1 .
The release of the balloon was originally planned for 9 AM, but was postponed because multiple problems occurred with the ground operation system when the GUI tracking software was booted. These problems led to the loss of data concerning the altitude and direction of movement of the balloon. Because it was difficult to implement system recovery at the launch site, we decided not to use the GUI tracking system but to instead use text information from the balloon. We finally launched the balloon at 10 AM. Therefore, the tracking system developed by the collaborative experiment team was mainly used in the early stages of the experiment.
The balloon reached its highest altitude of 33609.8 m approximately 2 hours after launch. An automatic wire cutter module developed by the University of Yamanashi then successfully separated the payload from the balloon. Because it was discovered that the mounted GPS module had suddenly stopped operating when it exceeded the highaltitude limits of its firmware, the altitude data shown in Fig.  8 was taken from another GPS module installed on a system by the University of Yamanashi (Mino, Private Comm.).
During the parachute descent, the GUI tracking software recovered to normal operation, except for the GPS altitude and moving course information. Thereafter, it was possible to track the balloon using our own system. Finally, the balloon landed on Fukaya, Saitama (Fig. 9 ), but radio communication was temporarily lost and recovered due to the partial shielding of the surrounding buildings. The reception of the audio packet resumed as we drove closer to the landing site, and we determined the landing point at 12:59. Each recovery vehicle successfully recovered the balloon independently within 20 to 30 minutes after the payload had landed. 
Time (JST) Events

07:30
-Set up of the release point on the campus of the Univ. of Yamanashi in Kofu, Yamanashi. -Telemeter was turned on.
08:00
-Mobile station B at Hachioji reported some problems with launching the GUI software.
08:10
-A serial connection exception occurred in the GUI software.
08:30
-Audio packet modem connection failed.
09:00
-The balloon release was postponed.
10:00
-Multiple problems occurred which could not be resolved. -Telemetry frequency was set to 438.5 MHz. -The balloon was released.
10:15
-Telemeter outputted incorrect value of the altitude.
10:37
-The GPS module suddenly stopped functioning.
11:00
-Receiving sensitivity was almost fine at mobile station A in Hachioji, Tokyo. -Receiving sensitivity was good at mobile station B in Higashi-Matsuyama, Saitama.
11:54
-The air-pressure sensor detected the payload descent.
12:10 -The GPS module was restarted.
-The GUI software was restored.
12:40
-Audio packet loss in Fukaya, Saitama.
12:57
-The mobile station of the Univ. of Yamanashi determined the landing point. -Univ. of Yamanashi succeeded in the recovery of the payload. 
12:59
-Mobile stations A and B determined the landing point using our own system.
13:10
-Mobile station B arrived at the landing point.
13:15
-Mobile station A arrived at the landing point.
-All systems were turned off.
Trouble-Shooting
High-altitude limitation of the GPS firmware
The on-board GPS suddenly stopped data streaming between 10:37:43 and 12:12:43 ( Table 1 ). The GPS then automatically restarted position measurements at 12:12:43 during the parachute-descent phase. However, another onboard GPS module installed by the University of Yamanashi, which used the same hardware chipset (MTK3339), provided continuous data streaming over the entire flight duration.
The high-altitude limitation of GPS modules needs to be considered when high-altitude applications are used because common GPS modules have internal firmware limitations at a high altitude (18 km) and high speed (514 m/s). We considered that our adopted GPS module would not have problems at high-altitude use, because the GPS distributor had tested the GPS module at altitudes of up to 27 km. After the GPS module log of the University of Yamanashi module was compared with ours, it was discovered that our GPS module had stopped operating at an altitude of approximately 10 km (Table 2) . Furthermore, the versions of the firmware in each module also differed (Table 3) .
Based on the above information, we concluded that our on-board GPS module firmware had a singular limitation at altitudes of more than 10 km, and therefore our GPS module (ver. 5458) should be replaced the module (ver. 5223) guaranteed high-altitude operation used by University of Yamanashi.
Hang-up problem with the GUI tracking software
Incorrect value for the altitude of the balloon was outputted at 10:15. This problem was caused by variableoverflow of the altitude parameters (>3276.8 m) on the telemeter software due to the use of inappropriate variable types. Furthermore, communications from the device using serial connections between the GUI tracking software and peripheral devices (audio packet modem and ground station module) were lost between 9:00-10:00 AM. These problems were also caused by the mishandling of a GPS time division procedure. Figure 10 shows the GPS time division procedure during the experiment.
The GUI tracking software was designed to receive the GPS time from the balloon telemeter as a fixed-length string consisting of 6 characters. The GUI tracking software separated the GPS time string into hours, minutes, and seconds, and these separated times were then set to corresponding variables for the GUI tracking software, while the GPS time string was assigned to numerical values by the balloon telemeter. The wrong internal processes by the telemeter caused a serial connection error in the GUI tracking software. This problem was not detected during the development phase, because it was caused by the actual operating time. Because the scheduled launch time at Japan Standard Time (JST) 9:00 AM was recognized as '0' in Universal Time, Coordinated (UTC), the hang-up occurred when dividing a fixed-length character in the GUI tracking software. We confirmed the normal operation of the entire balloon operational system after repairing the defect.
Consideration of Measured Data
The data from the MEMS air-pressure sensor (LPS331AP) in the payload housing are shown in Fig. 11 . Although the minimum detectable pressure of this sensor is 260 hPa, the actual measurement revealed that the sensor could measure pressure lower than the rating limit. The sensor's built-in thermometer records within a rated operational temperature; however, this should be replaced with a more suitable sensor that can be adapted to lowpressure environments. For example, the 'MS5611' MEMS pressure sensor manufactured by Measurement Specialties, Inc. guarantees measurement of the pressure down to 10 hPa. Figure 12 shows the temperature characteristics. Even though the lowest outside air temperature was −51.5°C, the temperature inside the payload did not fall below the freezing point (0.5°C) due to the heat generated by the radio and also the insulation provided by the Styrofoam.
The digital capacitive humidity sensor (AM2321) was equipped to estimate dew condensation inside the payload. Measurement of the relative humidity in the upper troposphere can be difficult, due to low levels of water vapor. Therefore, an outside humidity measurement of almost zero above an altitude of approximately 8000 m is less reliable (Fig. 13) . On the other hand, the relative humidity in the closed payload container revealed that dew condensation did not occur during the flight.
The power supply provided by a Li-Po battery (3.7 V, 6600 mAh) was used as a bus power of 6 V via a switching buck-boost module (TPS63060). Deterioration of the battery discharge characteristics due to low temperature did not occur (Fig. 14) . The 6-V-regulated bus power was continuously supplied. The telemeter ran for approximately 6 hours in total, and the Li-Po battery voltage was 3600 mV at the time of payload recovery.
Based on the trend of decline in battery voltage, the telemeter was expected to run for at least 4 hours after landing.
Discussion
The basic payload system developed by Kochi University of Technology was successfully recovered. However, the landing point was a distance of 5 km from the simulated landing point obtained by the online prediction software 1) . The difference between the estimated and actual landing points was due to the meteorological conditions of the day. If the balloon had landed in inappropriate areas, such as railway lines or main roads, it could have caused an accident. Because 67% of the land in Japan is covered by forests and the remaining land comprises urban areas, there are usually problems in determining suitable landing points when balloons with parachutes are operated over Japan, even if the 
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payload is of a small size. Hence, we concluded that an active guidance system should be installed on small balloons to allow for the safe recovery of the payload. We propose an autonomous guidance system using a wire-controlled parafoil without thrust power, because a small balloon project usually requires such a lightweight system 8) . Figure 15 shows a 3D CAD image of the engineering model. The greatest feature of the payload system is that an autonomous guidance system using a small parafoil can control the landing point more easily than a system using a conventional parachute. The payload is constructed of lightweight materials. Furthermore, a reserve parachute for emergency use is mounted on the payload for safety. Figure 16 shows a block diagram of the proposed guidance system. Before the balloon is released, the geographical coordinates of various safe and flat locations are input to the balloon-mounted MCU (Main Control Unit) (Fig. 17) .
The MCU computes the difference in geographical coordinates between the pre-set target points and the current position, and determines the travelling direction using sensor data (9-axis sensors: 3 accelerometers, 3 geomagnetic sensors, and 3 gyro sensors; a pressure sensor and a GPS receiver). The MCU then pulls the left and right brake lines using two independent servo motors to reduce the difference in the coordinates. Because this system does not have a propulsion system, if the ground speed is slow and the gliding distance is short, then the MCU guides the payload to the most reachable point among the various preset candidates for the expected landing site.
Summary
The original small balloon operating system developed by Kochi University of Technology was evaluated by a collaborative balloon flight experiment and the balloon was successfully recovered without using any other existing radiosonde systems. Through this experiment, we accumulated basic data from the GPS and MEMS sensors, as well as design and manufacturing knowledge for the practical use of small balloon systems. In addition, we confirmed that the developed mobile ground station system contributed to the efficient recovery under the severe tracking environment of Japan. However, the reliability of the system needs to be improved, because elementary design errors in several parts of the software were discovered in the current system at the time of the flight experiment.
In conclusion, we note that many issues concerning experimental efficiency and safety still remain. Our autonomous guidance system, currently under development, is expected to be the breakthrough in the operation of small balloons in Japan. We intend to proceed with our development plan in the near future, paying attention to the above issues.
